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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

HEAT-EXCHANGER-CORE WEIGHTS FOR USE WITH HYDROGEN-EXPANSION TURBINE

By Thaine. W. Reynolds

SUMMARY

An analysis of probable heat-exchanger welghts for stationary and
rotary regenerator heat exchangers for use in a hydrogen-expansion turbine
engine is presented. Heat-exchanger-core weights alone will probebly be
above 48 pounds per pound of hydrogen flow per second for stationary re-
generators at a turbine-inlet temperature of 2000° R. This weight is for
a8 pressure drop through the exchanger of sbout 10 percent of the inlet
pressure.

Lowering the turbine-inlet tempersture to sbout 1500° R would cut the
regenerator-core weight in half.

Rotary regenerators offer possibilities for a considerably lighter
heat-exchanger core, possibly one-fourth that of the stationary regener-
ators. At the same time, lower combustor temperatures may be employed.
The mechanicel problems associated with this type of exchanger may be
quite severe.

Calculated physlcal properties of rich-mixture combustion products
of hydrogen and air, which are required for heat-transfer calculations,
are presented.

IM 131/
INTRODUCTION 2
0C 1857

One engine cycle that has been considered for possible high-speed,
high-gltitude aircraft use (ref. 1) is illustrated by the engine cross
section shown in figure 1. In this cycle, which is called Rex IIT in
reference 1, the cruise engine is essentlally a ramjet burning hydrogen
fuel. In order to obtain tekeoff and boost thrust, e fan is provided at
the inlet. The power “to drive the fan is obtained by expanding hot hydro-
gen gas through the turbine. The hydrogen is heated in turn in a heat
exchanger by the combustion products o;,the hydrogen with a portion of
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An evaluation of the usefulness of this engine cycle will depend in
part upon an analysis of the component weights. While 1t is realized thatb
many of these component weights are interdependent, this report exsmines
only the effect of varying parameters on the required heat-transfer ares
and probable weight of the heat-exchanger core 1tself. Heat exchangers
of both the stationary and rotary type are counsidered.

In the particular cycle considered hereln, the high-temperature com-
bustion products for heating the hydrogen are cobtained by burning hydrogen
rich. The effect of obtaining the high temperatures by rich-mixture com-
bustion rather than by lean 1s twofold: (1) The inner combustor is
smeller, since much less glir 1s required, and (2) the physical propertiles
of the combustion gases are such that higher heat-transfer coefficilents
can be obtained, which would result in a smaller heat exchanger.

Mechanical problems assoelisted wilith the design of these heat exchang-
ers are not evaluated; only the performance is cousldered from the heat-
transfer point of view. Physical properties of hydrogen and of combustion
products of hydrogen-rich air’ mixtures of interest in hest-transfer cal-
culgtlions are presented.

This report presents the results of the analysis as generslizations
independent of the heat-exchanger configurations to the extent possible.
The calculations of actusl core welght and pressure drops, however, obvi-
ously require selection of actual configurations. The heat-~exchanger
cores consldered were taken from reference 2. - -

PHYSTICAL. PROPERTIES

Heat-transfer coefficient data are usually presented as correletions
involving the dimensionless groups, Nusselt, Stanton, Reynolds, and
Prandtl numbers. Evaluation of these groups requires certain physical
property data for the fluld involved. The physical properties of hydro-
gen and the combustion products of rich hydrogen-air mixtures required
for the analysis of the heat exchangers presented herein are (l) viscosity,
(2) thermsl conductivity, (3) specific heat, (4) mean molecular weight,

(5) combustion temperature, and (6} enthalpy.

All symbols are defined in appendix A, and the method of calculating
the properties of the mixtures 1s presented in appendix B. The calculated
values are presented in figures 2 to 8. )

ENGINE CYCLE

A disgram showlng the components of an engine and the conditlons
under consideration in the following discussion 1s shown in figure §. A

RQCH
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fuel flow rate of 6 pounds per second was chosen as s basis for presenting
the calculations. This flow rate might correspond to the takeoff fuel”
flow rate for a 67-inch-dlameter engine designed for Mach 4 at 100,000
feet. The total engine airflow would be gbout 300 pounds per second and
the afterburner temperature sbout 3600° R.

Liquid hydrogen is pumped to gpproximstely 8-atmosphere pressure and
i1s vaporized and heated to the desired turbine-inlet temperature T. Ty
the heat exchanger. The hydrogen gas is expanded through the turbine to

1

25 atmospheres and a corresponding lower temperature. The hydrogen then

enters the combustor where it combines with air from a secondary fan at
700° R and at a combustor pressure of about 2.2 atmogpheres to arrive at
a fleme temperature . Tp;. This hot combustion gas enters the other side

of the heat exchanger and exits from the heat exchanger at Tho- This
fuel-rich mixture then combines with the msjor portion of the air, and a
combustion temperature of sbout 3600° R is achieved. The gases are dis-
charged through a suitable exhaust nozzle.

STATIONARY HEAT EXCHANGER

The varigbles will be discussed without reference to specific heat-
exchanger cores insofar as possible. Calculations will then be presented
for certain specific cores. :

The required hest-exchanger area is determined from the relation
a/t = UA AT (1)

For a hydrogen flow rate of 6 pounds per second and a turbine-inlet tem-
perature of 2000° R, the required heat-exchanger capacity q/t is gbout
150,000,000 Btu per bour. For a selected combustion temperature and heat-
exchanger arrangement (i.e., counterflow, crossflow with one fluid mixed,
etc.), the AT of equabtion (1) is established. It is then only necessary
to evaluate the over-sll coefficlent U +to determine the hest-transfer
area (and, hence, approximate heat-exchanger-core weight) required.

Combustion Temperature

The combustion temperature is determined by the eguivalence ratio
and. the inlet temperatures of the fuel and air. The fuel'temperature
entering the combustor 1s assumed to be 700° R less than the heat-
exchanger-outlet temperature. This tempergture difference corresponds to
the work required of the turbine to drive the fans.
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In the following calculations, a turbine-inlet temperature of 2000°
R will be assumed. The effect of varying thils temperature will be con-
sidered 1in the section entitled PTurbine-Iniet Temperature. The combustion
temperature must be sabove 2000° R for a finlte heat-exchanger area. An
increase in the combustlion tempersture will require more alr to be burned
(lower equivalence ratio) since this is a rich-fuel combustor. The com-
bustor cross-sectional area must then be increased 1f the same flow Mach
number 1s to be maintained. As the equivelence ratlo varies, the heat
capaclty and molecular weight of the combustion products vary. Teable I
shows the variations of some of these factors as the combustion tempera-
ture is changed from 2300° toc 2900° R, while the combustor-exit Mach num-
ber is held at O.l.

Teble I also shows the increased effective temperature gradient for
beat transfer ATy, as the combustion temperature is increased. The
ATy 18 the effectilve temperature gradient for counterflow arrangement.
The relative heat-transfer area required would be decreased correspondingly
as the combustlion temperature is 1ncreased if the over-all transfer coef-
ficlent—was not affected.

Relative combustor cross-sectionsl area and relatlve effective tem-
perature gradient for hest transfer ATy, for varylng combustion tempera-
tures are plotted in figure 10. For simplicity, this comparison is made
by assuming counterflow arrangement. With a crossflow exchanger, a greater
change in effective AT with changing combustion temperature would result.

Pigure 10 shows that, unless the over-all heat-transfer coefficient
decreases greatly as the cowmbustion temperasture increases, the smallest
hegt-exchanger area wlll be cbtained by going to the highest combustion
temperature compatible wilth structural limitations on the metal.

Heat-Transfer Coefficients

The final varigble remaining to be determined in order to establish
the heat-transfer ares requirement is the over-all heat-transfer coeffi-
cient U. For negligible wall résistance, U is related to the individual

coefficlents by
U=t (2)
1 . .L
b, By
Next to be examined are the probable values of the coefficlents h, and
hy and thelr variation with temperature.

855Y
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The heat-transfer coefficient may be written as follows, from ‘the
definition of the Stanton number:
= (5t)CpeV (3)

By using the ideel equation of state p = pm/RT and the relastion for the
speed of soumd V =M grRT/m, the above equation may be transformed to

C. .M
= (St)-% pNIZE (4)

Experimental heat-transfer coefficients on the heat-exchanger cores to be
compared leter are plotted as (St)(Pr)%/3 against Re. Equation (4) could
be written

_ (st)(pr)?/3 OM
h (Pr)zf ‘\/_ 4/ (5)

where p and T 1In thls equatlion are static pressure and static tempera-
ture, respectively. The Mach number range is low enough that static and
total temperature are considered the same. Static pressure is used through-
out the comparison.

The probeble range of heat-transfer coefflclents for the fuel and
combustion products can be estimated from equation (5).

Hydrogen. - For a constant pressure of 8 atmospheres and an assumed

value of (St)(Pr)2/3 of 0.003, the heat-transfer coefficient of the hydro-
gen will have the following variation with temperature and Mech number:

T, | Cp | Pr h,
°R Btu/(br) (sq £t) (°F)
600|3.46 |0.68 8060 M
1300|3.55| .685 5600 M
2000(3.69} .69 4680 M

This assumed value of (St)(Pr)z/S is in the range to be expected for flow
of the hydrogen inside small tubes, which is the situation considered
herein. Probable minimum values of the hydrogen-side coefficient are shown
in figure 11.

It sppears that, at the highest fuel temperature, if the flow Mach
number is maintained gbove about 0.11, the heat-trsnsfer coeffiliclent should
be at least 500 Btu/(br)(sq £t)(°F).
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Combustion products. = a constant pressure of 2.2 atmospheres and

an assumed value of (St)(Pr)2 S 0.003, the heat-transfer coefficlent of
the combustion products will vary with temperature and Mach number as
Pollows:

Thi, m CP h, Ratio,
oR Btu/(br) (sq £t) (°R) h/hzgooo R
2300| 7.45(1.06 811 M 1.38
2400| 8.07|1.00 772 M 1.32
2500| 8.7 | .92 730 M 1.25
2700(10.17| .80 651 M 1.11
2900{11.46| .72 585 M 1.0

Probgble minimum values of the hot-gide coefficient are plotted 1In
flgure 12.

. Thus, by maintaining the Mach number sbove 0.17, the minimum heat-
transfer coefficlent to be expected on the hot side should be at least
100 Btu/(hr)(sq £t)(°F), since the value of (St)(Pr)2/3 = 0.003 is pear
the minimum that will be encountered under the conditions considered.

For flow over tubes of small dismeter (as on the shell side of shell-
tube exchangers), the value of (St)(Pr)2/3 should be considerably higher
than 0.003, and, hence, values of h of 100 or gbove may be cobtained

at counsldersbly lower Mach numbers.

The lgst column in the previous teble also shows how the heab-
transfer coefficlent of the combustlon products varies as the temperature
varies for a constant Mach number flow. The value &t 2900° R is taken as
the reference point. These relative values are plotted in figure 13 as
a function of temperature along with the relative AT wvalues from
figure 10.

. The heat-transfer coefflcient of the combustion products, which
should essentislly control the over-all coeffilcient U, does not decrease
as rapldly as the effective AT Increases wilth lncreasing combustion
temperature. Thus, it is apparent that the highest combustion temperature
compatible with alloweble metal wall temperatures willl give the lower
welght heat-exchanger cores.

Limiting Metsl Temperature
The meximum equilibrium metal wall temperature will be determined by

the maximum hot- and cold-gas temperstures and the ratloc of the hot- to
the cold-side heat-transfer coefficilents:
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where the turbine-inlet temperature T, is 2000° R.

The variation of metal temperature T, with combustion temperature
Thi is shown for several ratios of hest-transfer coefficlents in figure

14(a).

For an estimate of maximum possible allowasble metal temperatures
with present materials, a plot of yileld strength and 1000-hour rupbture
stress against temperature is shown (fig. 14(b)) for e high-tempersature
alloy, Inconel X (ref. 3). Depending upon the stress limitatlons of the
deslgn, it appears that metal temperatures of 2100° to 2200° R might be
allowed, which would permit% combustion temperabtures close to 30000 R.

A 1/4-inch-diemeter tube, for exsmple, at 8-aimosphere (120 1b/sq in.)
pressure and with a wall thickness of 0.0l2 inch would have a hoop stress
in the wall of about 1190 pounds per square inch. At 2200° R, the indi-
cated 1000-hour rupture stress (fig. 14(b)) for Inconel X is sbout 2500
pounds per square lnch.

Turbine-Inlet Tempersature

Decreasing the turbine-inlet temperature lowers the heat-exchanger
capacity required and gives higher temperature differences for heat trans-
fer for the same combustion temperature. Both of these factors decrease
the heat-exchanger size. At the same time, however, a lower fuel tempera-
ture into the combustor results, and the burning of more air is required
to reach the same cowbustion temperature. Thus, the combustor would be
larger. Alternatively, the combustion tempersture may be reduced.

Table II shows changes in pertinent varigbles as the turbine-inleb
temperature is changed while the combustion temperature is held constant
at 2900°, 2700°, and 2500° R.

The relative UA requirements for a given turbine-inlet temperature
and. combustion temperature are shown in the last column of table IT.
Counterflow arrangement is assumed for simplicity of analysis. The UA
requirement for a turbine-inlet temperature of 2000° R and a combustion
temperature of 29002 R is used as the basis for comparison. If the over-
all coefflcient U 1s assumed to vary with combustlon temperature as the
heat-transfer coefficient of the combustion products, hy curve in figure 13,
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the relative heat-transfer-area change may be estimated by properly
combining the by curve of figure 13 with the UA values of table II.
This comparison is shown in figure 15.

From the curves of figure 15, it is apparent that decreasing the
turbine-inlet temperature from 2000° to 14000 R would about cut the heat-
exchanger weight in helf at the couwbusgtion temperature level of 2900° R.
Also, at the lower turbine-inlet temperature, the combustion temperature
could be reduced several hundred degrees without greatly affecting the
heet-exchanger srea. At these. lower turbine-inlet temperatures, the
change in hy nearly counteracts the change in effective AT, so that it

would be more advantageous to go to the lower combustion temperstures.

Specific Heat-~-Exchanger Cores

The principal objective here was to establish a range of heat-transfer
areas (and, hence, probable core welghts) for a range of combustion-
products~glde pressure drops through the system. Since the welght was of
primary concern, the miniwum heat-transfer area for any allowsble pressure
drop was desired. For this reason, the various types of heat-exchanger
coresg in reference 2 were examined.,

Previous discussilon has polnted out that the hegt-transfer coefficlent
on the hydrogen side of the exchanger should be easlly maintained consider-
gbly higher than that expected on the combustion-products side. Further,
the pressure drop on the hydrogen side could be increased, 1f necessary,
by merely increasing the liquid pump discharge pressure. In calculating
an over-all coefficient for beat transfer, the cold-slde (hydrogen) coef-
ficient was assumed equal to 500 Btu/(hr)(sq £t)(°F).

Heat exchangers of the shell-tube type, with the combustion products
over the sghell silde, gave minimum heat-transfer-area requirements. In
order to keep the pressure drop through the shell side of thils exchanger
in the neighborhood of 10 percent, the frontal area requirements are large,
end the exchanger becomes voluminous. Without considering the practicality
of such arrangements for this application, calculations are shown in teble
III for various cores and several inlet Mach numbers since the calculations
ylelded the minimum exchanger weights. The number identifylng the core
corresponds to the figure number of the performance curves in reference 2.
The pressure drops were estimated by the method of reference 4.

The heat-transfer-ares - pressure-~drop relstions from this tgble are
plotted 1n figure 16. A curve bounding these points was drawn which essen-
tlally esteblishes a minimum bhest-transfer area for a given pressure drop
through the system. For a Ap/p of 10 percent, a minimum hest-transfer
area would sppear to be about 570 square feet. If thils core were made
from 0.0l2-inch-thick gtainless steel or Inconel, it would welgh about
1/2 pound per square foot, or about 285 pounds. This is approximately 48
pounds per pound of hydrogen flow per second. '
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ROTARY HEAT EXCHANGER

A schematic diagram of a rotary-heat-exchanger installation is shown
in figure 17. The purpose of the rotary heat ekchanger is exactly the
same as for the stationary one. A rotary heat exchanger consists of a
matrix of mgterial which rotates and causes the matrix to passa alternabtely
through the hot and cold fluids. Heat 1s thus transferred from the hot
gas to the matrix, thence to the cold gas.

An additional variable to be chosen with the rotary exchanger is the
capacity rate ratio Cr/cmini that is, the ratio of the capacity rate of
the core to the minimum cgpacity rate of the two gas flows. A smaller
capacity rate ratio gives 'a greater temperature excurslon to the matrix
material, a resultant lower effective AT for heat transfer, and, hence,
a greater ares requirement and greater core weight. The rotative speed
is lower for lower ratios of cr/cmin'

A summary of design theory for rotary regnerators is given in refer-
ence 5, and effectiveness - NIU curves are given in reference 2. Xxperi-
mental heat-transfer and friction drop performance for several wire-screen
matrices is &lso given in reference 2. Data on these same matrices are
extended to high Reynolds numbers ln reference 6.

Since the core heat-transfer and flow areas are common to both heat-
transfer fluids, the independent choice of flow conditlons is more limited
than with the stationary heat exchanger. 1In the case considered here, the
hydrogen flow is considerably smeller than the combustion gas flow. One
compromise that has to be made is to keep the hydrogen-side Mach number
as low as possible to increase the flow area on that side without decreas-
ing the heat-transfer coefficlent of the hydrogen to too low a value.

Hegt -Transfer Coefficients

The wire-screen mabrices from reference 2 with the smallest wire
diameters were used to estgblish the ranges of heat-transfer coefficlents
to be expected. Teble IV lists some of the parameters of the matrices of
interest. Again the number identifying the matrix corresponds to the
figure number of the performance curve in reference 2 for that particular
matrix. Small wire diameters which result in high hegt-transfer coeffi-
clents and large heat-transfer areas per unit weight of core are the dis-
tinctive features of these matrices.

drogen. - The heat-~-transfer coefficients for the hydrogen at two
exit conditions, an exit hydrogen velocity of 200 feet per second
(M = 0.024) and 125 feet per second (M = 0.015) and a temperature of
2000C R, are shown in table V.
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The hydrogen experiences a large temperature change through the heat
exchanger, and, hence, a considerable Reynolds number change because of
the change in viscosity wilth temperature. The viscosity of hydrogen in
this temperature range 1s proportional to 70.695, Heat capacity and
Prandtl number are essentially constant over this temperature range. The
(st)(Pr) for these screen matrices was assumed tc vary inversely with
Reynolds number to TO-375 (rer. 6), although this variation 1s selightly
different than indicated on the curves of reference 2. Therefore, the
heat-transfer coefficlent will ¥ary spproximately directly with 0.

A mean value of h, was taken to be that at an average temperature
of the hydrogen of about 1000° R. These estimated mean heat-transfer
coefficlents are also shown in table V.

Combustion products. - The range of heat-transfer coefficients for
the combustion products at inlet conditions of 23000, 2400°, and 2500° R
and at inlet Mach numbers, based on free-flow area, of 0.04 and 0.06 are
shown in table VI, '

The viscosity of the combustion products variles directly as TO.71,
so that the heat-transfer coefficlent varies about at TO.27. A mean
value of hy was teken to be the value at the mean temperature of the
combustion products. These estimated wmean values are slso shown in table

VI.

Combustlon Temperature
Some parts of the matrix mebterial will epproach the combustion tem-
perature, so that the meximum allowsble combustion temperature would be
lower for the rotary than for the stationary heat exchanger.

To evaluate the heat-transfer-area requirements at various combustlon
temperatures, the following relations are used (ref. 5):

(NTU), = (NTU), [if:%TEKT;] (7)

(v), = (B4) (8)
(bA)
(hAJ* = (hA)h (9)

At the flow velocltles assumed in estimating the heat-transfer co-
efficients, the flow frontal areas are established. The ratioc of heat-
transfer areas AqfAp will be the same as the ratio of the flow frontal

areas. Thus, :

[aYalet ]
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m-Gm) D (10

The retio of the heat-transfer coefficients hg/hy using the mean

of values established previously is shown in table VI. The higher veloc-
ity flows of both sides are assumed together as one set of conditions and
the lower velocity flows as another combination.

The variation of the flow parameters as combustlon temperature varies
is shown in teble VII. In this t&ble, the capacity rate ratio Cr/Cmin
was set at 2.0. The effect of a variation in this ratio will be dis-
cussed lster.

From the values in tables V, VI, and VII and the core properties in
table IV, the heat-transfer areas, core welights, and speeds can be
calculated.

The calculations of heat-transfer area, core weight, and rotationsl
speed for the three matrices at combustion temperatures of 2300°, 2400°,
and 2500° R are shown in table VIII. These values are for a turbine-inlet
temperature of 2000° R and a capacity rate ratio Cp/Cpip, of 2.C.

It will be noted, as with the stationary exchanger, that, as the
combustion tempersture is increased, the required heat-exchanger area and
welght decrease. However, the required rotational speed is Iincreased as
the weight 1s decreased, since the matrix core capaclty rate C,. is
constant.

The frictlon pressure drop for these configurations can be estimated
from the relstion

2o e ()

This relation is derived from the usual Fanning equation:

2
L pVv
Ap = 4P —
P Dn 28
By substituting,
AL _ A
Dh  Ar
and
i 2
2 _ X o
2g 2
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Pressure drops so celculated are also shown in tgble VIII for the
combustion-products side of the exchanger. - The core weight and pressure
drop relation are shown in figure 18.

A comparison of some of the core welghts and corresponding pressure
drops in figure 18 with those for the statlonary exchangers (fig. 16)
shows the marked reduction in heat-exchanger-core weilght possible with
the rotary exchanger.

For core number 108 at a combustion temperature of 2500° R, the core
welght would appear to be about 70 pounds at a pressure drop of 10 per-
cent. This weight is ounly gbout one-fourth the minimum estimsted for the
stationary-exchanger core for the same pressure drop. Furthermore, the
combustion temperature is 400° R lower for the rotary exchanger in this

comparison.

It should again be pointed out here that no evaluation of the wmechan-
ical problems assoclated with the rotary exchanger is included herein.
It is recognized that the additional structural complexlty required for
the rotary exchanger might modify these welght comparisons.

Capacity Rate Ratilo

From the curves of temperature effectiveness against the number of
transfer units (NTU), (ref. 2), it can be seen that increasing the capacity
rate ratio will decrease the (NTU) for the same effectiveness. The core

welght required will decrease--in direct proportion to this change 1in
(NTU) However, when .the capacity rate of the matrix is increased, the
speed must be increased since it is the product of (weight)X(speed)x(metal
heat capacity), which comprises the matrix capaclty rate.

A change in the capacity rate ratio slso changes the temperature
excursion which the core metal tsakes. The range of temperature through
which the metal passes 1s

a/t (12)

(AT) pet a1 = (core weight)x (rpmx60)*(Cy, )
metal

so that the AT of the metal is lnversely proportional to the capacity
rate ratio for a glven rate of heat exchange.

Turbine-Inlet Temperature

As with the stetlonary beat exchanger, lowering the turbine-inlet
temperature decreases the rate of heat exchange and increases the effective

885¥
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tempersture dlfference for hest transfer. Both factors tend to decrease
the heat-exchanger-core weight.

However, if the capacity rafe ratio Cr/cmin is held constant, the
speed of rotation is increased. Since Cpy, 1is not a function of the
quantity of heat exchanged, C, 1is not changed. Hence, since core weight
times speed 1s constant, the speed must vary inversely with the weight.
change. N

The estimated change in heat-exchanger-core weight with changing
turbine-inlet temperature is shown 1n figure 19 for a combustion tempers-
ture of 2500° R. It appears that the core weilght could be reduced by one-
half by lowering the turbine-inlet tempersture to gbout 1500° R. This is
about the same ratio as was estimated for the stationary exchanger also.

Lowering the turbine-inlet temperature will also decrease the varia-
tion in the core metal temperature, since the temperature excursion of the
metal is changed in direct proportion to the rate of heat exchanged.

CONCLUSIONS

Through an analysis of the heat-transfer performance possibilities
of stationary asnd rotary hest exchangers for use in a hydrogen-expansion
turbine engine, a systém called Rex IIT in reference 1, the following
conclusions have been drawn: ' '

l. For stationary heat exchangers, core weights alone would be above
48 pounds per pound per second of hydrogen flow at a turbine-inlet tempera-
ture of 2000° R and for a pressure drop of about 10 percent of the inlet
combustion gas pressure.

2. Rotary regenerators offer possibilities for heat-exchanger-core
weights one-fourth thgt of the statlonary exchanger for the same pressure
drop. At the same time, lower combustion temperatures may be used.

3. Lowering the turbine-inlet temperature to about 1500° R would cut
the heat-exchanger-core weight about in half for either type of exchanger.

CONCLUDING REMARKS

While the analysis shows that the hest-exchanger-core weight for a
rotary heat exchanger may be considerably smaller than that for a station-
ary exchanger to do the same Jjob, 1t should be kept in mind that the
mechanical problems with the rotary exchanger may be quite severe.
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In partlicular, at the present state of the art, the seals necessary
tec prevent too high a hydrogen leskage at the high differentiasl pressures
involved are a formideble problem. A high rate of hydrogen leaskage would
reduce the quantity of turbine working fluid and would affect the heat-
exchanger performance adversely. The high tempersture levels and tem-
perature changes 1n the system will cause thermal expansion problems that
will aggravate the sealing problem.

Contaminatlon of the hydrogen by cerryover of combustlon. products
trapped in the matrix is small, less than 1/2 percent for the conditlons
conslidered herein, so that the effect on the physical properties of the
hydrogen would be negligible.

The analysis presented herein compares only weights of the heat-
exchanger cores based on thelr heat-transfer performance. The additional
mechenical complexity of the rotary exchanger may add more to its weight
than that of =& stationary exchanger. The amount cannot be estimated
until some satlsfactory seal designs are developed to operste at these
conditions.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Chio, August 14, 1857

Qces
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APPENDIX A

SYMBOLS
heat-transfer area, sqg £t
free-flow frontel area, sq ft
function, defined in text
capacity ratio, wCp, Btu/(hr) (°R)
heat capacity at constent pressure, Btu/(lb) (°R)

core capacity ratio, (core weight)x(core heat capacity}x(rpmx60)},
Btu/ (br) (°R)

dlameter, £t

friction factor

conversion factor, 32.174 ft/sec2

enthalpy, Btu

heat-transfer £ilm coefficient, Btu/(br)(sq £t)(°R)
(hA)/(hA)y

thermal conductivity, Btu/(br)(sq £t)(°F/Tt)

flow length, 't

Mach number, V/A/FEEEZE

molecular weight

number of transfer units of an exchanger, AU/Cmin
number of over-all transfer units of an exchanger
Prandtl number, Cpp/k

pressure, 1lb/sq ft

heat transferred, Btu
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R universal gas constant, 1544 £t-1b/(1b mole) (°R)
Re Reynolds nunber, 4rth/u i
4ry, hydraulic diameter, Tt o e ) o :
s Sutherland constant
St Stanton number, h/CpeV
T temperature, °R
ATy lo% mea? Eem§efa%ure ?igfe§ence far heat transfer,
Tho et Thi o
Ing zio : z:i
o
t time, hr
U over-all heat transfer coefficient, Btu/(hr)(sq £t)(°F)
v velocity, ft/hr
W weight-flow rate, lb/br -
X mole fractlon )
T ratio of specific heats
e heat-transfer effectiveness, On Thi _ Tho = Ce Tco _ Tci
Cuin Thi - Tci Cmin Thi - Tci

i viscosity, 1b/(ft)(hr)
p density, lb/cu ft
¢ij function, defined in text
Subscripts:
a air -
c cold side )

o alad



4558

Q-3

NACA RM ESTHOS

0
(o)

P 6f J? [ g

.

B

cold gas in
cold gas out
fuel

hot side

hot gas in
hot gas out
component i1
component J
mixture
minimum

wall

17



18 Glinmes NWACA RM ES57HOS9

APPENDIX B

PHYSTICAL PROPERTIES

The mixture compositions for which the physical properties are pre-
sented are those resulting from the reaction

n(2H,) + Oy + 3.77 Np = 2H;0 + 3.77 Np + 2(n - 1)E,

where n will vary from 1 (stoichiometric) to infinity (pure Hy). No
dissoclatlon is assumed at any condition encountered herein, since tem-
peratures are below 3000° R.

The composition parameter used for the physical property plots is
mole fraction of Hy in the mixture of combustion products. At a hydrogen
concentration of zero, the mole fraction of hydrogen is gzero, and water
and nitrogen are in the mole ratio 2.0 to 3.77. This is the composition
resulting from stoichiometric wombustion (n = 1). A mole fraction equal
to 1 is pure hydrogen. An equivalence ratio scale 1s also included on
the plots for reference. Equivalence ratio is the ratio of actusl fuel
to that required for stoichiometric cowbustion.

Experimental viscosity and thermgl conductivity data are availeble
for the pure component gases (ref. 7). Heat capacitles for the pure gases
were taken from reference 8. Properties of normal-hydrogen gas were used
throughout, since all data were not availeble for the para-hydrogen. The
difference in properties between normal and para-hydrogen would not affect
appreciably any of the results presented herein.

Physicel property data for the mixtures were calculated by the methods
outlined as follows. Although, as 1s discussed 1ln the references cited,
these equations are not considered applicable when one of the gases is
highly polar (water vapor in this instance), the relations were neverthe-
less assumed to apply, since no experimentel data for these mixtures were

avellable.
Viscosilbty

The viscosities of the mixtures were calculated according to the
method of reference 9:
= 2

i=1
l*‘_i %5%13

J;él

/GGy
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Pure component gas viscositieg were taeken from reference 7. Values
of Qij are plotted in reference 9 for simplifying the calculat;ons.

Calculated curves are shown in figure 2. For values at Intermedlate tem-
peratures, the mean tempersture dependence of viscosity is approximstely

poc 0. 71,

Thermal Conductivity

The thermsl conductivities of the mixtures were calculated sccording
to a similar expression (ref. 10):

n

k
By = 2 L
=l e L x A
1 ij 13
J=1
I
1/2 |2
0.75 S 51J
1 By/m l.+-——- L+
S F AR L) [ .
EAE (1 5 1+

The pure component thermal conductivities were tasken from reference 7.

The calculated gas-mixture thermal conductivities are shown in figure
3. For values at lntermediate temperastures the temperature dependence of

thermal conductivity is- approximately k oc 0. 77,

Heat Capacity

The heat capacities of the gas mixtures were taken as the mass
aversge of the heat capaclties of the constituents:
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The pure component heat capacities were taken from reference 8. The cal-

culated ges-mixture heat capacitles are plotted in figure 4
Flame Temperature S

Rich-mixture flame temperatures were calculated for the reaction
n(2Hy) + Oy + 3.77 Ny > 2H0 + 3.77 N, + 2(n - 1)H,
ion. The heat

by assuming no dissocistion of the products of combustion
balance 1s
(2)(2.016)(51,570) + 2n(2.016)(THz - T,)

T
£

Ta
where T,, the entering air temperature, was set at 700° R and Tg,s the
11

entering hydrogen temperature, was set at values of 7009, 900o

and_1300° R.
Curves of rich-mixture flame temperature asgainst equivalence ratio

are plotted in figure 5.
Other Calculated Values

The Prandtl number C p/k was computed from the curves of figures

2, 3, and 4 and 1s shown in figure 6.
Mean moleculsr weighte were taken as the volumetric aversge of the

molecular welghts of the constituents:
Ty = D Xqmy

Values of the mean molecular weight for a range of equivaelence ratios are

plotted in figure 7.
The enthalpy of hydrogen from the normsl liquid state to 2000° R 1s
Liquid hydrogen at 1 atmosphere 1s taken as the

plotted in figure 8.
zero reference point.

806
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TABLE T. ~ VARIATTON OF FLOW PARAMETERS OF CCMBUSTICR AND STATIONARY
HEAT EXCHANGER WITH COMBUSTION TEMPERATURE

[ Turbine-inlet temperature, 2000° R; combustor-exit Mach mirber,
0.1; heat-transfer rate, 150x105 Btu/hr.]

Com- |Equiv-|Mean Alr- |Totel |Heat Dengity |[Gas Combustor-| ATy,,| Beat- Iog mean|Rela-
busg- |alence| molec- | flow |hot- |[capacity |of com- |velocity|exit ares, op exchanger« | tewpera-| tive
tion |ratio |ular rate,|gas of com- j{bustion |at com- sq £t exit tem- [ture UA re-
tem- weight, w,, [flow, |bustion |products,|bustor perature, {differ- |quired
pera- m |1b/eec| ¥n, |Products, Phy s e(:xit ) Tho; ence for %coun—
ture, 1b/sec| ©Cp,bs |1p/cu £t | M0-1)» counter-|ter-
Thi.! Bty / \ °R flow, flow)
o (10) (°R) Ay
°R

2500 | 10,0 7.45 | 20.35| 26.35 1.06 0.00978 450 6.00 1495 815 505 2,42
2400 8.7 B8.07 | 25.4 | 29.4 1.00 0101 442 8,59 1415 285 635 1.93
2500 7.7 8.7 26.4 | 32.4 .92 .Q105 438 7.11 1400 1100 745 1.65
2700 6.1 1 10.17 | 53.3 | 38.3 .80 .0113 418 8.34 1325 1375 985 1.24
2900 | 5.0 | 11,48 | 40.4 | 46.4 .72 .0119 407 9.58 [1240| 1860 1225 | &1.00

BRanis of comparigon. . | ;
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TABLE II. - VARIATION OF FLOW PARAMETERS OF CCOMBUSTOR AND STATIONARY HEAT EXCHANGER WITH :EE
VARYING TURBINE-INLET TEMPERATURE AND COMBUSTICN TEMPERATURE i
Com- |Turbine-|Fuel, |Relgtive|Equiv-| Air- |Total |Heat Capacity | ATy, | Heat- Tog mean|Rels- %
bus- | inlet AF, |heat- alence| flow [hot- |capaclty |rate of og exchanger-| tempera-|tive
tion |tempera-|Btu/lb|exchange|ratic | rate,|side |of com- |hot side, exit ture UA re-
tem- |ture, rate® Wgs |flow, |bustion | (WCp)n tempera- |@iffer- |quired
pera-| T, , 1b/sec| ¥ns products, ture, ence for
ture, N 1b/sec {C )ha Ty, counter-
Thy s R Btu/(1b) 0; flow,
M (°R) . ATy,
°R
2900 | 2000 | 6940 | 1.0 5.0 | 40.6 | 46.8 | 0.72 35.6 | 1240 1860 1225 (PL.0
1800 6200 .893 4.5 | 45,1 [ 51.1 - .70 35.8 | 1040 1860 1430 . 765
1600 5460 .786 4,1 | 49.6 | 54.6 .67 368.6 885 2005 1810 .599
1400 4720 .68 3.7 | 5.0 | 61.0 .85 - 39.7 T15 2185 1800 .483
2700 2000 6240 1.0 6.1 | 33.3 | 39.3 .80 3.4 | 1325 1375 985 1.74
1800 6200 .8e3 5.4 | 37.7 | 43.7 17 33.7 | 1105 1595 1200 912
. 1600 | 5460 . 786 4.9 | 41,5 | 47.5 .72 34.2 960 1740 1380 .699
1400 4720 .68 4,4 | 46,2 | B2.2 .70 36.6 775 1925 1575 529
2500 2000 6940 1.0 7.7 | 26.4 | 32.4 .92 29.8 |[1400 1100 745 1.64
1800 6200 - .893 6.5 | 3L.3 | 37.3 .B4 31.3 | 1180 1310 955 1.146
1600 5460 .786 5.8 | 35.1 | 4L.1 .78 32.1 (1020 1480 1150 .838
1400 4720 .68 5.2 | 39.1 | 45.1 .15 33.8 840 1660 1345 .62

®Relutive heat-exchange Tete = Ay . fAH. 1 ot 20000 R.

bBa.s:Ls for comparison.

ez
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TABLE IX1X. - STATIONARY-E{CHANGER-CORE HRAT-TRANSFER AREAS
AND PRESSURE RATIOS ACROSS HOT SIDE
[ Turbine-inlet tefiperature, 2000°% R; combustion
temperature, 2900C R; shell side. ] '
Core |[Inlet |Hydraulic|Reynolds |(S¥){Pr) 2/3 Friction|Heat- Over-gll |Heet- Pressure-
number |Mach |{dismeter,|aumber, factor, |transfer|heat- transfer |drop
or number 4ry, Re r coeffi- |transfer |ares, ratlo,
figure | (based £t clent, |[coeffi- A, &pfo
number |on, by, |eclent, sq/ft
in. free- Btu / (h.'t") 1)
ref. 2|flow -
(sq ft)
area) {oF)
44 0.1 0.0166 2390 0.014 c.072 272 176 695 G.025
46 .0125 1780 .012 047 233 1589 770 .015
47 .0196—| 2800 013 .063 252 157 733 .022
52 0168 2390 011 .052 214 158G 8186 .0z22
44 .15 .0l1686 3590 .012 069 348 205 597 077
46 .0125 2680 010 .042 290 183 667 .058
47 .Ql986 4200 .0105 .08 305 189 645 .07
52 .0168 3580 .011 057 320 195 627 083
44 .20 .0166 4780 011 065 4726 230 532 .157
45 .QL25 3580 .009 .04 349 205 597 101
47 .01986 5600 01 - .058 387 219 559 144
52 .0166 | 4780 .0038 057 380 218 567 144

BSSY
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TABLE IV. - PROPERTIES OF SOME ROTARY-HEAT-EXCEANGER MATRICES
Matrix|Wire Hydraulic |Heat- Poros- |Bulk Weight
number |diameter,| diameter, |transferi{ity density,|per unit
or in. 4ry, |area per 1b/cu £t|heat-
figure i unit transfer
number volume, aresa,
in sq ft 1b/sq Tt
ref. 2 cu ft
107 0.0105 | 0.001328| 1820 0.602| 198 0.11
108 .0076 .001282( 2090 875 162% 0777
109 .0135 .002960 980 .725 137% . 1403
TABLE V. - HEAT-TRANSFER COEFFICIENTS FOR HYDROGEN IN
ROTARY HEAT EXCHANGER
Matrix|Exit Reynolds| (8t) (Pr)] Friction|Heat- Heat-
nunber |veloclity,| number, factor, |treansfer |transfer
or ft/sec Re £ coeffi- |coeffi-
figure clent, cient,
number h, h,
in 2000° R |{1000° R
ref. 2
107 125 126 0.07 1.0 1850 1545
108 123 .072 .97 1905 1590
109 281 .083 .50 1668 1380
107 200 202 0.057 .85 2420 2020
108 196 .056 .80 2385 1990
109 450 .050 .42 2120 1770

25
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TABLE VI. - HEAT-TRANSFER COEFFICIENTS FOR COMBUSTION
PRODUCTS IN ROTARY HEAT EXCHANGER
Combus~- |Matrix|Reynolds|(St) (Pr)| Friction|Hesat- Heat- Heat- Ratio of|
tion nuniber |number, factor, |transfer|transfer|transfer|cold- to
tempers-|{or - Re r coeffi- l|coeffi- [coeffi- |hot-side
ture, figure clent, clent, clent, coeffi-
Thi’ number hThi hh hg clent,
og |in he/hp
ref. 2
Mach number, 0.04
2300 107 90.5 0.078 l.2 1070 961 1545 1.61
108 88 .081 1.1 1110 997 1590 1.60
109 201 .072 .55 986 887 1390 1.57
2400 107 88.5 079 1.25 1033 940 1545 1.64
108 86 .081 1.1 1060 964 1580 1.65
109 197 072 .55 942 858 1390 1.62
2500 107 83.4 079 1.3 3960 8178 1545 1.76
108 80.7 .082 1.15 995 910 1590 1.75
109 | 185 ¢ .075 .56 911 834 1380 1.87
Mach number ; 0.08
2300 107 | 135.5 0.069 1.0 1420 1275 2020 1.58
108 | 132 .07 .91 1440 1292 19390 1.54
109 | 302 .06 .48 1234 1110 1770 1.59
2400 107 | 132.8 .089 1.0 1360 1240 2020 1.63
108 | 129 07 .91 1380 12680 1820 1.58
109 298 061 .49 1200 1085 1770 1.62
2500 107 125 .07 1.1 1272 1165 2020 1.73
108 | 1l21 .072 .98 1310 1200 1980 1.66
109 278 . .064 <30 1162 1065 1770 1.66

855%
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TABLE VII. - VARTIATION OF FLOW PARAMETERS IN COMBUSTOR AND
ROTARY HEAT EXCHANGER WITH COMBUSTION TEMPERATURE
[Turbine-inlet temperature, 2000° R; capacity rate ratio,
Cr/cmin’ 2.07]
Com- |Equiv-|Hot- |Heat |Capaclty|Capaclty|Heat- Over-aell |Heat-
bus~ |alence|gas capac- |rate of |rate transfer | number transfer-
tion |[ratio |flow, |ity of |hot sldejratio of |effec- of ares
tem- Wns | hot (ch)h gas tive- transfer |ratio,
pera- 1b/sec| 888, flows, |ness, units A.C/Ah
ture, (Cpln Cnin & required,
Thi’ Crax (NTU)O
°r
23001} 10.0 | 26.35| 1.06 27.9 0.75 0.867 4.6 0.274
2400 | 8.7 29.4 | 1.00 29.4 .71 .83 3.5 .248
2500 7.7 | 32.4 | .92 29.8 .70 .797 3.0 .226




TABLE VIII. - HEAT-TRANSFER AREAS, WEIGHTS, SPEEDS, AND PHESSURE DROPS

FOR ROTARY HEAT EXCHANGER AT VARIOUS COMBUSTTON TEMPERATURES

Combustor-
inlet
tempera-
ture,

Th,
CIR

Metrix
core
numher
or
figure
number
of
ref, 2

(r0),

(na)¥

(v

Cold-
gide
heat-
transfer

area,
sq I't

Total
heat-
tranafer
ares,

sq T4

Core
welght,
1k

Core
rota-~
tional
speed,
rpm

Friction-

factor

hot side,
T

Pressure
drop

retio on
hot side,

CAP/P)h

Hydrogen exit Mach number, 0.015; combistion-products inlet Mach number,-0;04-
(based on free-flow areas)

2300 107 | 4.6 [0.441|6.53| . 319 1485 163 129 1.2 0.097
108 | - .439|6.61 31z 1460 114 184 L.l .088
108 : .430(6.57 358 1665 234 90 .55 .043
2400 107 | 3.5 [0.406/4.92 241 1212 133 158 1.25 0.075
108 .409(4.93 235 1182 92 az8 1.1 .064
109 40| 4.91 267 1343 189 111, .55 .036
2500 107 | 3.0 |0.398[4.19 205 1110 122 172 1.3 0.067
108 .396|4.18 199 1080 84 250 1.15 .057
109 .378|4.13 225 1220 171 123 .06 .031
Eydrogen exit Mach number, 0.024; combustlon-products inlet Mach number, 0.06
2300 107 | 4.6 [0.433{6.59 247 1150 126 167 1.0 0.223
108 .422|6.54 248 1152 920 234 .B1 204
109 .435|6.60 282 1310 184 114 .48 122
2400 107 | 3.5 |0.404]4,91 184 924 101 208 1.0 0.165
1c8 .392(4.87 185 923 72 292 91 .152
103 «401(4.90 209 1050 147 143 .49 .092
2500 107 | 3.0 [0.391(4.17 158 845 93 226 1.1 0.154
108 .375|4.12 157 846 66 318 .96 138
109 .375}4.12 176 855 134 152 .50 .Q79

8567
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Figure 1. - Bchematic cross-sectiopal diagram of hydrogen-expension engine.
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Viscosity, p, 1b/(ft)(br)
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\
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Mole fraction of hydrogen in mixture

l I [ 1 1 L]
3 4 5 6 7 11 15
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Flgure 2. - Calculeted viscosity of hydrogen-nitrogen-water

vapor mixtures. Mole ratlo of nltrogen/water = 3.77/2.0;
pocp0.71
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Thermal conductivity, k, Btu/(hr)(sq £t)(°F/rt)

42
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Figure 3, - Calculated thermal corducitivity of hydrogen-
aitrogen-water vapor mixtures. Mole ratlo of nitrogen/
water = 3,77/2,0; kxT0:77,
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Heat capacity, Cp, Btu/ (1b) (°R)
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Figure 4. - Heat capaclty of hydrogen-nitrogen-water vapor ~

mixtures, Mole retio of nitrogen./wa'ber = 3.77/2.0.
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Average molecular weight of combustion products
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Figure 7. - Average molecular welght of combustion products

of hydrogen-air mixtures, Producte of complete oxidation
with no dissociation.
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Heat content above liquid, Btu/Ib
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Figure 8, - Healt content of hydrogen above liquid at normal
bolling point.
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Temperature, T, 700° R
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Relative area or temperature gradient

Alignms NACA RM E5THOS

o
o
o
(¢4}
1.0
Combustor cross- L7
sectlonal sres
A\
) //
/”////
/’//// Y
\Effective temperature

gradient for heat .

-6 A
///,/, transfer

4 R — — : :
2200 "7 2400 2600 2800 ~ 3000 )
Combustion temperature, Thi’ Cr : -

Figure 10. - Effect of_ combustion temperature
on relative combustor area and on relative
tempersture gradient for heat transfer.
Constant combustor-exit Mach npmber, O.1.
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Heat-transfer coefficient, Btu/(br)(sq £t) (°F)
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Figure 11. - Heat-transfer coefficient for hydrogen at 8-stmosphere pres-

sure. . (8t)(Pr)2/3 = 0.003; b = 3600 %Pi)_z/_s(pcp
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Heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
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Figure 12. - Heat-transfer coefficlent for hydrogen-rich mixture combus-
tion products, ssure, 2.2 atmospheres; (St)(P_:-)2 S = 0.003;
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